Remedial Brushless AC Operation of Fault-Tolerant Doubly Salient Permanent-Magnet Motor Drives
In [5] - [8] , some compensation techniques for open-circuited fault were proposed to improve the fault-tolerant performance of multiphase rotor-PM brushless motor drives. Nevertheless, these rotor-PM brushless motor drives inherently suffer from the problem of poor thermal dissipation in the rotor [9] , which adversely affects the characteristics of PMs and, hence, the reliability of motor drives.
In recent years, a new class of PM brushless machines, namely, the doubly salient PM (DSPM) machine, has received wide attention [10] - [12] . This DSPM machine is a kind of stator-PM brushless machines with all PMs located in the stator and offers the merits of high power density, good mechanical integrity, and freedom from the thermal-dissipation problem [13] , [14] . Very recently, it has been identified that a fourphase 8/6-pole DSPM motor drive can inherently offer the fault-tolerant operation under the phase-winding short-circuit fault and the power-switch open-circuit fault [15] . Therefore, a simple compensating strategy, namely, doubling the phase current in one of the healthy phases, has been proposed to supplement the average torque under the open-circuit fault. However, it cannot maintain the average torque that was produced at normal operation and suffers from serious unbalanced operation, causing high torque ripple.
Compared with the four-phase 8/6-pole DSPM motor, the three-phase 12/8-pole DSPM motor inherently possesses higher power density and lower torque ripple, while requiring simpler gate driving and inverter topology [16] . However, the corresponding adverse effect under the open-circuit fault will be more serious, and the performance of the aforementioned simple compensating strategy will be even worse.
The purpose of this paper is to propose and implement a new operation strategy for fault-tolerant DSPM motor drives, hence retaining the same average torque while maintaining balanced operation under the open-circuit fault. Rather than using a fourphase DSPM motor, a three-phase 12/8-pole DSPM motor is purposely adopted to amplify the effect of an open-circuit fault. Fig. 1 shows the structure of the three-phase 12/8-pole DSPM motor, which has 12 salient poles in the stator, eight salient poles in the rotor, three-phase armature windings in the stator, and 4 PM poles in the stator. This motor actually incorporates the merits of both the SR motor and the PM brushless motor.
II. DSPM MOTOR
1) Similar to the SR motor, the DSPM motor has no PMs, brushes, or windings in the rotor, thus offering high 0278-0046/$26.00 © 2010 IEEE mechanical robustness and, hence, high reliability for high-speed operation. 2) Similar to the PM brushless motor, the air-gap flux is mainly excited by high-energy PMs, leading to the retention of the merits of high efficiency and power density. 3) Different from the traditional rotor-PM brushless motor, the DSPM motor arranges all PMs in the stator, thus eliminating the problem of thermal dissipation which adversely affects the characteristics of PMs. 4) Similar to the SR motor, the DSPM motor possesses the feature of independent electric and magnetic circuits among phases, thus offering the possibility of independent control and operation among phases. This feature is particularly important for fault-tolerant operation.
III. BRUSHLESS DC AND AC OPERATIONS
The proposed strategy involves two steps. First, before the occurrence of an open-circuit fault, the torque-equivalent brushless ac (BLAC) operation is derived, which can offer the same torque as the brushless dc (BLDC) operation. Second, the relationship between the torque-equivalent BLAC operation before the fault and the remedial BLAC operation after the fault is derived. Consequently, the required magnitudes and phase angles of the healthy phase currents can be deduced.
A. Normal BLDC Operation
Having a trapezoidal back electromotive force (EMF), the DSPM motor is inherently suitable for BLDC operation under normal condition, thus maximizing the torque or power density [17] . Fig. 2 shows the conventional BLDC mode of operation, namely, the 120
• conduction. In this operation mode, the armature current of phase-p (p = a, b, c) can be expressed as • in mechanical angle, and the corresponding turn-on and turn-off regions are (4
• -19
• and 26
• -26
• , and 41
, respectively. Because of the PMs located in the stator, the motor torque is predominantly resulted from the PM excitation torque, whereas the reluctance torque is negligible. Therefore, the electromagnetic torque in the BLDC mode T N_BLDC can be expressed as
where ω r is the electrical angular velocity, E m is the amplitude of the trapezoidal back EMF, and I m is the amplitude of the rectangular current.
B. Torque-Equivalent BLAC Operation
Traditionally, the DSPM motor adopts the BLAC operation only when its back-EMF waveform is sinusoidal. Such sinusoidal back EMF can be realized by rotor skewing, but with the sacrifice of EMF magnitude. Recently, it has been revealed that a trapezoidal back-EMF PM motor can operate in the BLAC mode to produce the same torque as in the BLDC mode [18] . Therefore, the torque-equivalent BLAC operation of the DSPM motor is used as an intermediate step to deduce the remedial BLAC operation. Fig. 3 shows the BLAC operation for a conventional DSPM motor. For the three-phase 12/8-pole one, the phase currents are given by
where I max is the maximum value of the phase current. Therefore, the total electromagnetic torque T N_BLAC can be expressed as
where E m1 is the amplitude of the fundamental back EMF. By applying harmonic analysis to the trapezoidal back-EMF waveform, it yields
In order to create the same torque under the BLDC and BLAC modes, (2) is equated to (4) . Then, by using (5), it deduces
Thus, the torque-equivalent phase currents can be obtained as
C. Remedial BLAC Operation
In case the motor drive is under fault, the faulty phase can be shut off and the remaining phases can continue operation. Thus, proper fault detectors need to be employed. Detailed discussions on the fault detectors for motor drives have been studied in [19] and [20] . This work focuses on how to develop a remedial control method to improve the fault-tolerant performance of DSPM motor drives under the open-circuit fault.
Based on the aforementioned torque-equivalent BLAC operation, the conventional DSPM motor can run in the BLAC mode to offer the same output torque as in the BLDC mode. Then, the effect of unbalanced operation can be overcome by keeping the magnetomotive force (MMF) produced by the healthy phases unchanged [6] between the torque-equivalent BLAC operation (all three phases are healthy) and the remedial BLAC operation (one phase is faulty while two phases are healthy).
Under the torque-equivalent BLAC operation, as described by (7), the total MMF is the sum of all three-phase MMFs, as given by
where α = 1∠120
• and N is the number of turns per phase. When phase-A is open circuited, the phase-A current vanishes so that the total MMF is contributed by the sum of phase-B and phase-C MMFs
In order to maintain the output torque and regulate the unbalanced operation after the open-circuit fault, (8) is equated to (9) . Then, by using (7), the currents of the healthy phases can be derived and expressed as ⎧ ⎨ Fig. 4 shows the proposed remedial BLAC operation of the DSPM motor after the loss of phase-A. Of course, a similar operation can be applied to the loss of phase-B or phase-C. It can be seen that, during the loss of phase-A, the remedial strategy is achieved by operating in the 180
• BLAC mode, rather than in the 120
• BLDC mode. Furthermore, the phase-B current is shifted forward by 30
• in electrical angle while the phase-C current is shifted backward by 30
• , and their amplitude is scaled by 1.9 times the magnitude in the BLDC mode.
IV. COSIMULATION RESULTS
In order to assess the aforementioned normal and faulty operations of the DSPM motor drive, the cosimulation technique is adopted in which the magnetic circuit and the electric circuit are coupled in the time domain, thus providing the convenience of system-level simulation [15] , [21] . The modeling tools for the cosimulation are composed of two separate packages, namely, the magnetic solver Maxwell 2-D and the circuit solver Simplorer. The magnetic solver performs finite-element analysis (FEA) of the DSPM motor, while the circuit solver performs electric-circuit analysis of the power converter. At each cosimulation time step, both the magnetic and circuit solvers exchange the calculated data, and the results produced by one solver will be exported to another solver in the next step. Consequently, the system performances can be accurately simulated.
Since the three-phase 12/8-pole DSPM motor is symmetrical in structure, only one half of the motor needs to be modeled for FEA. Fig. 5 shows the corresponding generated mesh. Then, the cosimulation model of the DSPM motor drive can be formulated as shown in Fig. 6 , which consists of the power converter, the DSPM motor, and the simulated results.
To meet the requirement of independent control and operation among phases for the fault-tolerant DSPM motor drive, the neutral point of phase windings in the motor is connected to the midpoint of the dc link. This midpoint can be easily created by simply splitting the capacitor bank into two equal sections. During normal operation, there is no current flowing through the neutral of the DSPM motor. When one of the phases is under open-circuit fault, those healthy phases retain operation while the neural current exists.
To quantitatively evaluate the performances of the DSPM motor drive before and after fault, the average torque value and the torque-ripple level are useful while measurable parameters. Therefore, the torque-ripple factor is defined as
where T max , T min , and T av are the maximum, minimum, and average values of the output torque, respectively. During normal operation, the DSPM motor drive operates in the BLDC mode. Based on cosimulation, the motor current and torque waveforms are obtained, as shown in Fig. 7 . It can be seen that the current waveform is rectangular and the corresponding T av and K T of the motor drive are 2.94 N · m and 102.3%, respectively. It should be noted that the torque ripple is caused by the phase-current commutations when the current is transferred from an off-going phase to the next oncoming phase at the end of each 60
• interval. In the event of an open-circuit fault, one phase is lost and the other two phases continue operation. Without taking any remedial action, the torque waveform of this DSPM motor drive is shown in Fig. 8 . It can be found that the motor drive suffers from a significant loss of torque, namely, T av is 1.94 N · m which is only 66% of the normal average torque. Furthermore, the torque ripple under fault is significantly worsening, namely, K T is 156.3% which is 54% larger than the normal torqueripple factor.
In order to verify that the aforementioned torque-equivalent BLAC operation can offer the same torque as the normal BLDC operation, the current and torque waveforms are simulated by using (7) . As shown in Fig. 9 , it can be seen that the three-phase current waveforms are sinusoidal and that the corresponding due to inevitable variation between rectangular and sinusoidal pulsewidth-modulated currents.
In the event of the aforementioned open-circuit fault, the proposed remedial BLAC operation is activated. As shown in Fig. 10 , there are two healthy current waveforms, and the resulting torque waveform seems to be comparable with that at normal BLDC operation. Quantitatively, the corresponding T av and K T are 2.98 N · m and 93.5%, respectively. It verifies that the proposed remedial BLAC operation can maintain the same torque under the open-circuit fault. Increasingly, the corresponding torque ripple can be further improved, with K T reduced by 8.8%. In order to closely investigate the generated torques of individual phases before and after the open-circuit fault, the phase currents are idealized as noise-free rectangular and sinusoidal waveforms under normal BLDC and remedial BLAC operations, respectively. As shown in Fig. 11 , the corresponding PM flux-linkage waveforms (before and after fault) are almost the same. As aforementioned, the phase current waveform under the remedial BLAC operation is shifted forward. This angle shift causes the phenomena that a negative current is applied to a phase winding when its PM flux linkage is increasing and that a positive current is applied when the PM flux linkage is decreasing, leading to the creation of a periodic negative torque. Fig. 12 shows the torque waveforms generated by individual phases under normal BLDC and remedial BLAC operations, which confirms that periodic negative torque occurs at the remedial BLAC mode. Nevertheless, this negative torque is so small that it will not affect the overall average torque.
It should be noted that the current amplitude of the remedial BLAC operation is 1.9 times that of the normal BLDC operation, causing the corresponding rms current to increase by 1.6 times. Thus, the electric loading of the DSPM motor should take this effect into account during the design stage. Moreover, the copper loss of the two healthy phase windings during remedial BLAC operation is about 1.8 times that of the three-phase windings during normal BLDC operation, which inevitably reduces the efficiency. Nevertheless, such reduction in the designed electric loading and operating efficiency is the cost of fault-tolerant operation.
V. EXPERIMENTAL RESULTS
An experimental three-phase 12/8-pole DSPM motor is prototyped as shown in Fig. 13 . The key design data are listed in Table I . For the whole drive system, the maximum current value is 5 A, the switching frequency is 20 kHz, and the dc-link voltage is 440 V. Furthermore, an intelligent-powermodule-based converter and a DSP-based digital controller are built to drive the experimental motor. A separately excited dc generator is mechanically coupled to the DSPM motor and works as variable mechanical load. Since the DSPM motor drive is designed to normally operate in the BLDC mode, a lowcost low-resolution rotor position sensor is adopted.
First, the DSPM motor drive operates in the normal BLDC mode. The measured back-EMF waveform is shown in Fig. 14 . It can be seen that this EMF waveform is trapezoidal, which agrees with the theoretical one shown in Fig. 2 . Meanwhile, the measured three-phase current waveforms are shown in Fig. 15(a) . As expected, these current waveforms are rectangular, which agree with the theoretical one shown in Fig. 2 . Furthermore, their magnitudes agree well with the simulated waveform shown in Fig. 7(a) .
During the open-circuit fault with the loss of one phase, the DSPM motor drive operates in the remedial BLAC mode. The measured current waveforms are shown in Fig. 15(b) . It can be seen that the current waveforms of the two healthy phases are sinusoidal, which agree with the theoretical ones, as shown in Fig. 4 . Furthermore, their amplitudes agree well with the simulated waveforms shown in Fig. 10(a) .
In general, in order to reduce the cost, a low-resolution rotorposition sensor is adopted for the normal BLDC operation of the DSPM motor since only six commutation instants per cycle are required. However, the proposed remedial BLAC operation prefers to have a higher resolution of rotor position so that accurate synchronization can be maintained. Thus, with the use of a low-cost low-resolution rotor-position sensor, it can be observed that the fault-tolerant phase-current waveforms are not exactly sinusoidal, as shown in Fig. 15(b) . It is expected and actually acceptable for fault-tolerant operation.
Finally, this paper aims to assess whether the DSPM motor drive can retain the self-starting capability under the opencircuit fault. Fig. 16(a) and (b) shows the startup responses under normal BLDC operation and remedial BLAC operation, respectively. It verifies that the motor drive can successfully perform self-starting under the open-circuit fault. On the other hand, it can be seen that the rise-up time of the motor drive with the remedial BLAC operation is longer than that with normal BLDC operation. It is expected because the starting currents under both operations are limited by the same maximum value while there are only two healthy phases producing the starting torque during the remedial operation.
VI. CONCLUSION
In this paper, the remedial BLAC operation has been newly proposed and implemented for fault-tolerant DSPM motor drives. First, by equating the output torque between the normal BLDC operation and the BLAC operation, the torqueequivalent BLAC operation is resulted. Then, by equating the total MMF between the BLAC operation before fault and the BLAC operation after fault, the remedial BLAC operation can be derived. Both cosimulation and experimental results confirm that the proposed remedial BLAC operation can maintain the average torque, reduce the torque ripple, and retain the selfstarting capability under the open-circuit fault. This remedial BLAC operation is particularly important to enable fault tolerance for many practical applications such as electric vehicles.
